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ABSTRACT
The New Products Program (NPP) is a joint venture between the
Massachusetts Institute of Technology (MIT) and industrial sponsors. The
aims of the program are the advancement of engineering education and the
development of new commercial products.
This particular project was sponsored by Becton Dickinson, a Fortune 500
biomedical company, to develop a next generation QBC blood analyzer. This
thesis documents the mechanical design of the machine as well as the
development process used by the MIT student team. The traditional roles of
industry and academia in developing new products are being redefined by
projects like the BD-NPP.
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PART I
Chapter 1: Introduction
'The best design is the simplest one that works."
Albert Einstein
This thesis examines the product development and engineering design
of a blood analyzer. Part I is an analysis of how companies and universities
are beginning to interact in today's highly competitive and international
market, and how students can expect to succeed in programs of this type. Part
[I is a concise description of the design work I did for two iterations of the
Becton Dickinson (BD) Walkaway, a next-generation blood diagnostic
instrument developed at the Massachusetts Institute of Technology (MIT)
Figure 1.1 shows the final prototype of the Walkaway presented to BD in
November 1993. Many of the insights recounted in Part I were gained through
the direct design experienced offered by this project.
In many prominent U.S. universities there has been a recognized need
to bridge the technology development gap between research laboratories and
industry. This form of technology transfer is crucial to the successful
development of innovative and competitive products. At MIT the creation of
the Manufacturing Institute and the New Products Program (NPP) are just
two examples of projects linking industrial sponsors to students doing
manufacturing and design work.
Figure 1.1. Final Walkaway Prototype.
Universities have long been the source of major technological advances
which have in turn spawned many commercial enterprises. In the last decade
MIT students and alumni have started 60 companies worth over $2 billion,
issued an average of 80 licenses and 180 patents a year. The fact that almost
60% of these inventions are licensed within 12 months points to the aggressive
marketing by the MIT Technology Licensing Office.
US industry on the other hand, has not been faring so well only
recently beginning to recover lost markets in a highly competitive world
economy. Many researchers point to the "funding gap" as one possible cause.
This gap occurs at the time in a product's development cycle between the
government sponsored research and the industrial development needed to see
it to market. Venture or higher risk capital is needed to adopt some of these
new technologies and develop them through the small production and
prototyping stages. However few sources of funding are available mainly due to
the short term view held by publicly owned companies and money managers in
general. Another reason emerging technologies have difficulty being applied to
final products is that government and university labs generally dislike carrying
out applied research (Chicago Tribune 2/28/93). Most government funded
research is directed towards the military which makes commercial spin-offs all
the more difficult.
In the past, when the government has provided funding for entire
development cycles, those industries have flourished and provided strong and
consistent growth. Two cases in point are the U.S. jet aircraft industry during
the 1950's and more recently the medical products industry in the 1970's
which has since become a world leader. It was perhaps not coincidental, that
one of the sponsors of the New Products Program project was Becton
Dickinson, one of the largest medical companies in the world with sales of over
$2.5 billion.
Much is said about foreign industry's ability to pick up and
commercialize products conceived in the U.S. and that is certainly due in part
to the open culture of the research community in North America. But
inadequate patenting and commercial follow-up are also to blame. I will
examine how universities can interact with industry and help ameliorate these
problems.
1.1 BD-New Products Program
In embarking on my Master's degree program in January 1993, I
became one of the four core members of the Becton Dickinson-New Products
Program, a novel and pilot project started at MIT in 1991. The NPP sought
corporate sponsors to participate in projects with MIT faculty and students
from marketing and engineering disciplines. Its three main objectives were to
"educate a new generation of product design leaders, to synthesize new
knowledge about the design process and to create prototype products for the
sponsoring companies" (Durfee pp.49). For the faculty at MIT the main
objective of this program was to provide a unique educational design experience
to complement the regular academic curriculum.
The NPP sponsored by BD lasted two years and three months, and I
was involved in it for the last fourteen months working as a mechanical
engineer. I was initially approached by Dr. Michael Rosen (now Professor at
the University of Tennessee in Memphis). As a student in his product design
class, he asked me to take over for Don Lee, a student on the project who was
graduating that term.
The startup and first year and a half of the project were well
documented in the thesis work of core team members Don Lee and Amy
Battles. It is their work which should be referenced in order to learn more about
the early stages of the program. This thesis will attempt to cover new material
as well as analyze some recurring issues.
The BD-New Product Program was my equivalent of a first job, with
bosses, budgets and deadlines. It allowed all the students to make the
transition from classroom knowledge to real world problems within the
somewhat protective collegiate environment. The fact that the New Products
Program was given great respect and high priority by both MIT and the
sponsor companies, greatly contribute to its continuing success.
1.2 Technology Development at BD
The heart of all BD hematology diagnostic instruments is quantitative
buffy coat analysis (QBC®) technology. Although the idea of obtaining blood
cell counts through QBC has existed for over 60 years, the technology to
implement it developed slowly until a major breakthrough in 1977. Drs.
Wardlaw and Levin came up with a method of expanding the buffy coat using a
high precision plastic bore floating within a capillary tube. After the publication
of their results in 1983, BD considered it appropriate to step in to acquire and
use the technology. The resulting blood analyzer known as the QBC I was an
example of a "new" product within D. Clausing's static/dynamic spectrum of
products (Clausing pp. 2 3 0). This product assumed a fairly high risk since there
were no other existing QBC analyzers, although it might have been considered
a descendent of other light scattering or electronic particle counter analyzers.
The product designed for the NPP known as the "Walkaway", was considered a
"market segment entry" product as it followed an earlier "new" product. The
complete QBC blood analysis instrument line can be seen in the product
generation map (Fig. 1.2). Appendix A lists the finalized Walkaway system
design specifications. Appendix B outlines the intended use of the Walkaway in
terms of QBC testing procedures.
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The BD line of blood analysis equipment is an example of a product
family sharing much of the same technology. All the analyzers work by
optically reading the buffy coat of centrifuged tubes to determine the
percentage breakdown of the different cell types. Another form of technology
they all share is the software algorithms developed to interpret the data, which
are constantly updated as new machines are released. The flexibility and
expandability of QBC technology gave BD entry into the small scale diagnostic
instrument market, with some clear advantages over the impedance counting
instruments of the competition in terms of safety and the ability to work
without reagents.
The decision to hire MIT resources was one way in which BD sought to
improve their product development efforts. In the past, their design efforts
were driven by R&D's idea of a good product. If the marketing team believed
the market niche to be large enough to provide sales, the product would be
given the go ahead. However the market research to price and position the
product would not be done until years later when the prototypes were already
built. By then all resources invested in the product might go to waste since the
voice of the customer had not gone into the product design specifications.
A few years ago, a structured system was implemented throughout
BD's major divisions to standardize their market research, R&D,
documentation, design and release phases of a product. This Product and
Cycle-time Excellence (PACE) program was developed by the consulting firm
PRTM in Cambridge MA and featured many of the concurrent engineering
concepts used by the MIT team. A typical PACE team was made up of people
from engineering, marketing, quality assurance, finance and manufacturing. At
MIT the team was equally concurrent although individual team members often
covered more than one area: for example I served both as a mechanical
designer and the project's blood safety officer.
In implementing new product development schemes it is crucial to
avoid the "policy of the month" syndrome whereby management repeatedly
presents new indoctrinary panaceas. This leads to an understandable build up
of skepticism among workers, compromising their cooperation and acceptance
of any such plans. BD's implementation of the PACE system seems to have
avoided this problem by giving the program strong and continued support at all
levels of the company.
Chapter 2: R6les of Industry and Academia within
Projects like the NPP
This chapter covers some of the main issues that need to be addressed
by industry and academia in strategically positioning projects like the NPP to
serve as mutually productive product development environments.
2.1 The Work of Academia in "'Real World" Product Development
What are the main challenges faced by students in their transition
from analytic classroom problems to real-world product design situations?
While most analysis problems have single correct solutions, design problems
have a multitude of satisfactory solutions. The challenge lies in somewhat
systematically exploring this myriad of solutions and arriving at a truly
satisfactory one. However the greatest problem is often defining the problem
to solve a particular task. The Quality Function Deployment (QFD) techniques
used in project were geared towards discovering and defining these problems as
early as possible. That meant allocating large resources early in the project
when the most design freedom was available. Decisions made in the early
design stages of a product life have a predominant rl1e in determining the final
production cost. However the resources traditionally allocated to design, in
terms of time and money, do not reflect the importance of such work in a
product's design.
2.2 Rble of Sponsor in NPP
What is the incentive for a company to seek MIT's help in developing
new products? From the sponsor's point of view, MIT has the resources, the
expert advice of many top professionals and the kind of enthusiasm hard to
match in an industrial setting. Having a pool of skilled people educated and
familiar with concurrent engineering from the outset of the project, is a unique
and valuable aspect of any program. The stage is set for creative innovation
when bright students with no preconceived notions about a specific market,
are given a clean design slate.
Participation in this kind of project shows the sponsor company to
support educational programs. The NPP also allowed a company to
competently staff a new product development effort without significant long
term commitment to the workers (students).
2.3 Improving Product Development through Outside Sourcing
The design of the Walkaway at MIT could have been BD's first
project to break the rushed development cycle through the use of true
concurrent engineering and it may have succeeded to the extent possible
given the time frame of the project and the inexperience of the students. One of
the problems with the NPP, is that most of the knowledge gained by students
working in previous projects is lost once that particular project is completed.
Supervisors may improve the way the program is run, but the new students on
a project usually start with little hands-on design experience. Having some
more advanced graduate students working with those starting their Master's
degree program could alleviate this situation. Another way to improve the
collective experience of a group is to have a faculty member heavily involved
supervising and interacting with the student designers, while being tolerant and
respectful of their (sometimes misguided) efforts.
Having MIT as the outside engineering source could have "diffused" the
company division's responsibility in being the first to take the full QFD plunge
(and face the challenge associated with derailing the industry status quo). The
irony is that in recessive times, QFD is most needed and hardest to
implement in companies cutting back on spending. This is seen in the hiring
practices of large corporations which freeze departmental hiring at the risk of
jeopardizing multi-million dollar projects. Top management is often fully aware
of the structural changes needed to improve productivity in the workplace. It is
the lack of decisive action due to fear of accountability, that stagnates change.
Projects involving concurrent design work require greater allocation of
resources early on and this can affect short term profits. For QFD to succeed,
long term profitability must be a company's predominant driving force and
internal accounting metrics must be redefined to best reward truly concurrent
engineering.
2.4 MIT's Rble in Projects like the NPP
The work done for the NPP at MIT served as a unique educational
working experience for all students involved. To design students, the NPP
provided an opportunity to work with a large budget on a complex machine.
This was in sharp contrast to the crowded semester-long design classes where
students work with extremely limited budgets. Most of this work was focused
on creative problem solving rather than on developing groundbreaking
technology. Working on a biomedical product meant our project's technology
content was above average.
New technologies are often not mature enough to be successfully
incorporated into a new product (line). This is not yet well understood in
academia, as attested to by hundreds of failed start-up companies. Pure
research must continue to advance science in universities and national
laboratories. However the new breed of research along the lines of applied
engineering must also continue to grow if the US educational system is to
thrive and produce well prepared professionals able to compete "and win" in a
world class economy (Clausing pp.213).
2.5 Research Confidentiality
In an academic setting there is a limit to the secrecy that can
surrounding a project. The nature of product research and development in a
university implies the free flow of information among students and professors.
Figure 2.1. shows the structuring of the different sectors contributing to the
project.
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WORK DONE AT BD
LOCATIONS
Figure 2.1. Different Groups Working on the BD-NPP
Sometimes advice is sought from an "informal consultant" with
expertise in a highly specific area. Other times a professor not on the project
will respond with helpful advice to a topic discussed on e-mail. But more often
than not, it is simply the possibility of discussing the design, of spontaneously
brainstorming with others that is most helpful. Restating a problem to a third
person can present unexplored paths that might otherwise not be discovered.
Students must also be aware that inadvertently leaking product information to
the competition can be the downfall of a project, so care must be taken in
dealing with vendors and suppliers who have not signed non-disclosure forms.
Faculty leading projects at educational institutions must weigh the
consequences of embarking on highly confidential projects, trading off the
potential educational benefits against the constraints imposed on the
development process.
2.6 Thesis Writing
At MIT both graduate and undergraduate students write a thesis as a
part of their curricular requirements. Much of the material in these theses is
proprietary and should be withheld for an appropriate length of time, to protect
the new product. Withholding public access to these works also allows time for
patents to be filed on any inventions. Universities are usually highly opposed to
withholding any kind of research publication for "commercial" purposes. For
example, the acceptance of any thesis proposal involving work done off
campus, is contingent on the sponsor signing a release form allowing all
research done to be published in the public domain.
Students joining projects like the NPP should understand that by
working for a company and signing agreements of non-disclosure, they are
effectively restricting the type of work they might engage in for years after the
project ends. The very concept that an individual's intellectual property legally
belongs to the company they work for can be quite daunting for a student.
However it is best to learn this while still in college instead of on a first job.
According to the Research Agreement between BD and MIT the "[t]itle to any
invention conceived or first reduced to practice...by the Institute (MIT) shall
remain with the Institute", meaning the work of students done on campus
belongs to MIT This is true of any research project carried out at MIT and
funded by an outside sponsor. BD also has the right to an exclusive, free license
of the work done by MIT and jointly with BD for the NPP. Appendix C is a copy
of the standard research agreement offered to industrial companies by the
Office of Sponsored Research, similar to the one used for the NPP.
Chapter 3
The following sections recount some of the insight gained through
working in a team developing the Walkaway. Most of the topics covered refer
to communication issues and to working effectively and efficiently within a
group.
3.1 Project Organization
The first organizational faux pas committed in the BD-NPP was to start in
November 1992, midway through a semester. This meant that at the end of
the two year project, funding ended abruptly leaving students without
recourses to complete their term of studies. This was solved by making special
arrangements with BD to extend the students' funding to the end of the final
semester in mid-January. It would be naive to underestimate the difficulties
posed by coordinating and scheduling a project of this magnitude. There will
always be unforeseen mishaps along the way to upset the planning and
students need to show some flexibility when working on this type of project.
Ideally administrators should also consider allocating project time and funding
for the core team members to write their theses as these are ultimately of
most value to the sponsor company. To the present time, no student on the
BD-NPP has completed their thesis in time for their planned graduation date.
3.2 Group Dynamics
For student designers, working in teams for the first time can be
somewhat frustrating. In spite of the "lone inventor", individualistic mentality
(Bradbury pp.54) prevalent among the MIT team, having our tasks well
defined allowed us to focus well on our work. However the tasks we undertook
were not specified according to stringent definitions established at the start of
the project. On the contrary, they evolved with the project, according to the
students' abilities, progress and understanding of the work.
Empowering team members to make decisions without the constant
approval of higher level personnel may have been one of QFD's greatest
assertions. In the NPP this was forced upon us as we were remotely located
from BD and at the same time received little intervention from MIT project
supervisors. This form of independence is a double edged sword many people in
industry seek to avoid because it confers added responsibility and
accountability. If innovation (and the inevitable failures that accompany) are
not positive metrics within the scheme of advancement within a company,
engineers will seek to avoid making decisions.
In the everyday work of the group at MIT, there were few feelings of
competitiveness. Instead there was a sense of mutual respect for the work
going on, due in part to our all being MIT students. The feeling of unity in the
face of a common sponsor certainly brought us closer together in our design
work. It also provided great opportunities for learning and for an exchange of
information which might have otherwise never occur. On the one hand, the
clear division of tasks helped avoid wasting time deciding where credit was due.
On the other, it was agreed that much of our progress came out of group
interaction coupled with personal creativity.
3.3 Communication in the Workplace
Communications were a concern from the start of the project. By the
time I started work in October 1992, much had already been done to facilitate
the flow of ideas through phone calls and electronic mail. A mailing list for the
people at MIT was established shortly after the project began, although it was
some time before BD gained access to the list. Initially it was felt that having
BD monitor all the e-mail traffic would inhibit the content of what was written.
However this was resolved by giving people the option of sending e-mail to
single individuals, as opposed to the main list, to discuss something "off-line".
Most people later agreed that being able to scan all the e-mails sent to the
group list gave them a good feel for what others were doing, even if they were
not directly involved in that area . The obvious limitation to using e-mail was
the difficulty in sending drawings and design concepts. Attempts at using text
files to show parts drawings were inefficient and limited.
Despite some of the above mentioned difficulties, communications
among BD-NPP team members was extensive. In comparison to other on
campus research projects, the sponsor company was quite involved in the
project's development. Often faculty leading pure research projects shun
sponsor involvement, seeking to work independently, periodically presenting
their results.
3.3.1 CAD as a Communication Tool
Another form of communication for the team members should have
been the exchange of information though files on I-DEAS, a CAD system BD
had been working with for several years. This software was a three dimension
solid modeling and analysis program which could have greatly helped the
integration of the different designers' work. Although the implementation of the
newly released I-DEAS Master Series had considerable learning and capital
costs associated with it, the team felt confident that the students could quickly
learn its use. Major educational discounts helped ease the economic burden of
acquiring the software and hardware. Unfortunately it was not until the last
four months of the project that the I-DEAS software and the SGI Indigo
workstation necessary to run it were acquired, set up and installed. Up to that
point, all design drawings had been done on ClarisCad, a now defunct 2-D
Macintosh drafting package with which all the students were familiar. Given
the short time remaining on the project, most of the detailed design work was
done on ClarisCad while all the main structural subsystems (optics frame,
carousel, cam systems etc.) were re drawn on I-DEAS which was used
primarily as a visualization tool to check for interferences. Every student had
their own folder on the workstation where they worked before transferring their
files to an overall layout which was continuously updated. The initial plan to
carry out all the design work on I-DEAS was quickly dampened by the
numerous problems in the new Master Series software, coupled with the lack
of adequate technical support from SDRC, the parent company.
The project benefiting marginally from the use of I-DEAS, in
overcoming the reversal of design decisions without everyone's full complicity.
Even within our small group of mechanical engineers, this was sometimes a
costly problem. Having all the team members working close to each other
certainly helped improve communications and ameliorate this issue.
3.4 Group Meetings and Review Sessions
In practice, the design of the machine was carried out at MIT with only
e-mail feedback from BD. The exceptions were BD personnel visits to Boston
for a product update, or in cases of design work involving a specific area of BD's
expertise such as the analysis of the optics and the design of centrifuge boards.
Aside from the principal engineer acting as the project liaison, the few
engineers at BD associated with the NPP were rarely up to date on the status
of the project. This made their infrequent meetings with the MIT group seem
more like presentations than productive working sessions.
Assigning BD engineers and marketers to their student counterparts
at MIT might have helped develop stronger working relations resulting in an
improved design process. These "mentors" could serve to informally review a
students progress without generating feelings of antagonism (the "us Vs.
them" mentality).
The regular weekly meetings at MIT also faced the problem of turning
into update sessions for the project supervisors. These meetings would easily
take over an hour leaving the team with little to show for it. Another problem
with these whole group team meetings was that the discussion would often get
bogged down in technical issues not of concern to all those present. The solution
was to hold separate technical meetings for the mechanical or electrical
engineers, while leaving the main meeting open for items of broad interest or
concern to the group.
3.5 BD's Concurrent Technology Development
Some of the issues relating to information transfer between BD and
the MIT team went beyond logistic hardships and had more to do with issues of
confidentiality. At times it was unclear whether specific information regarding
BD products was unknown or unavailable to MIT. More often than not this
seemed to happen when the source of information was outside the Primary
Care Division (PCD). Improved cooperation among different sectors at BD
might have helped the design work at MIT.
The best example occurred in the design of the machine's tube handling
mechanisms where it was crucial to know as much as possible about the new
Vac-Q-Tubes to be used in the Walkaway. Without knowing about the number
of tube configurations, as well as their size, shape, closures and materials, it
proved extremely difficult to create satisfactory design concepts. Since the
Walkaway was never considered a product that would generate large profits,
MIT requests for information were given low priority by the division in charge
of developing tubes. The Walkaway was seen more as an outlay for disposables
which represented the Company's biggest business. 1 From MIT, we had little
effect on the new tubes being developed simply because there were many other
higher volume users of these disposables. If the Vac-Q-tube was at such an
early design stage, then perhaps the development of the Walkaway should
have been held off, because having a floating specification on such a pivotal
piece of hardware can cause major rework and costly revisions down the line.
My personal approach was to think of the uncertainty as a form of imposed
I1n the same way, most blood diagnostic instruments are sold to provide a use for reagents
which can account for tens of thousands of dollars a year for a single machine. Profits are rarely
made on medical products within such high level maturity markets.
noise which required a design robust enough to deal with a range of possible
tube configurations. Eventually we had to take BD's best guess at what the
tube would look like to be able to prototype.
3.6 Personnel Allocation in Product Development Teams
Often a supervisor will question the best way to assign multiple
projects to a limited number of workers. I believe that in an ideal situation, a
person should work on a single project at a time to be most effective. This
project may be multifaceted and interdisciplinary, but it is still all part of the
same holistic thought process. Working on different unrelated projects may
give supervisors the impression of high productivity, but the time lost in
switching back and forth between projects can be considerable. People should
work intensively but not indefinitely on a given project. There should still be
considerable brainstorming and exchange of ideas between engineers who are
working on different projects as this is often an excellent source of ideas.
3.6.1 Team Renewal
Issues of team renewal and technology transfer were very pertinent to
the BD-NPP considering the high turnover rate of people compared to a group
in industry or even to other New Product Programs. Figure 3.1 shows a time
chart of MIT personnel throughout the entire project. From this we can see the
large number of people involved peripherally and for short periods of time with
the project. Particularly for an undergraduate student, it is uncommon to
remain with a single project for very long. In fact the opposite is encouraged in
the spirit of academic exploration by faculty and supervisors.
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The knowledge of a product's development is an extremely valuable asset
which should be carefully documented for the benefit of those who join the
project at later stages. The many thousands of design decisions made during a
given product development cycle make this a formidable task. It is therefore
not surprising that a clear and concise summary of each major "landmark"
decision is often a more valuable document than an unfathomable collection of
notes, sketches and ideas2
To those learning about the project for the first time, other students'
theses, presentation materials and other such documents prove invaluable. In
my particular case, after joining the project and reading as much as I could
about the work done before me, I felt the need to retrace the major design steps
to justify them in my mind. Then with specific queries in mind, I would
approach other team members and discuss any outstanding issues. This was
critical to developing that important feeling of "part ownership" in any project.
Including students in any profits from patents also reinforced this notion for
team members. A clear understanding of the current design directions being
followed is critical for a new member to aggressively "adopt" and pursue other
peoples' work. Since we were all students from the same school and similar
educational background, this was not hard to achieve.
The team's high turnover rate also had other ramifications on the
group dynamics: for new students the period of travel along the learning curve
always felt very rushed; in addition the level of commitment from those
students outside the core group fluctuated considerably. Some problems arose
when the core team assumed a certain task was being performed by a
peripheral team member, only to later realize that it had been neglected and
2 Although every piece of documentation should be kept for possible patent files, or litigation.
needed urgent attention. Not even the project leadership was immune to
changes in personnel. This resulted not only in a temporal lack of direction
during the transition period, but also in managerial style changes.
Chapter 4: Concurrent Engineering Methodology in the
NPP
At the start of each iteration, the new marketing information was
absorbed and processed by the group, and a clear schedule was set down
detailing the major milestones and goals to be attained. Whenever analyzing
customer input, a design engineer must be careful to maintain an innovative
spirit and understand that customers (in our case principally physicians) are
stubborn creatures resistant to change. New products always entail a certain
risk, although the Walkaway was not a high risk project in that a market
segment for it already existed.
Team scheduling of the project was attempted rather unsuccessfully
using CPM charts of the type shown in Appendix D. The problem was that
these charts were a simplification of our everyday work, and not specific
enough in itemizing project tasks. Our estimates of time needed to complete a
task varied widely and we often ended up with compressed schedules needed to
meet final deadlines. It was therefore not surprising that part of the QFD
optimization work was glossed over to finish the machine on time. These
rushed work patterns were familiar to us as MIT students accustomed to the
"Just-in-Time" gospel.
The Walkaway also suffered from the pampered product cash drain
described by D. Clausing (Clausing pp.12). This meant that as deadlines
loomed and the pressure to meet a presentation date increased, the machine
was tuned and tinkered with to perform well under only one set of operating
conditions. There was certain flexibility on the sponsor's part regarding
presentation dates, particularly when they understood the specific difficulties
we were encountering. However it was important for us as a University
research group to stay on schedule and work in a conscientious and
professional manner. This would show industry that we were able to work as a
full fledged product development partner, without need for special treatment.
4.1 Rble of Marketing from an Engineering Perspective
To the engineers working in product development, the value of market
research has traditionally been viewed with skepticism. However in the future
it will be crucial for these engineers to realize that designing products without
heeding the voice of the customer (captured thorough market research) will
inexorably bring failure. In the New Products Program, marketing research
was carried out concurrently from the outset both by people at BD and by
students from the Sloan School of Management. However for the second half of
the project, most of the marketing research was done by firms subcontracted
by BD.
For the time I was on the project, marketing students worked on
information acceleration multimedia programs which used the Walkaway as a
case study. Their results were interesting and impressive although not fully
pertinent to the needs of the project. Not having funding specifically allocating
to marketing research, made it harder for those students' work to be fully
concurrent with the rest of the project.
MIT's marketing students should have continued their early work to
determine the product specifications for the targeted middle size market of
blood analyzers users3. The information acceleration studies did contribute by
3Customers fall into different market segments according to the volume rate of samples they
process.
forcing the rest of the team to think about how medical practices were
structured, how purchasing decisions were made and how information on new
products was obtained. The core engineering group could also have helped this
research by performing more of the quantitative benchmarking of competitors
products, not taken care of in focus groups and interviews.
Market studies must be carried out from the start of a project before
investing major resources. Once a decision is made to proceed with the project,
the cycle development time must be short enough for the final product to meet
changing market demands. We were unfortunate enough to be working in a
particularly volatile market.
With uncertainty in the health care industry, escalating costs and no
universal health care coverage in sight, marketing personnel were uncertain as
to which machine we should be designing. By the time more information
became available, the MIT team had embarked on a design that was not
adequately suited to the emerging consumer market. The new trends in
managed care and capitated costs meant that once insurance reimbursements
were spent, test costs for diagnostic procedures were paid for by physicians.
Routine testing would no longer make good business sense and this made the
unit cost per test a customer priority.
4.2 Suppliers
This is an area students often have little exposure to during their
college design experiences. Most companies now understand the importance of
bringing suppliers more actively into the design process. Some claim these are
skills better learnt working in industry. However the knowledge within QFD on
Ihow best to interact with suppliers exists in academia where these issues are
studied extensively. It is critical for students to understand the time and design
constraints imposed by the availability and cost of parts before they start
working in industry.
Since universities are known for working with small volumes, suppliers
are often reluctant to go out of their way knowing that their profits will be
limited.4 It was often necessary to explain to the vendors that by cooperating,
they would improve their chances of becoming the sponsor company's supplier
during the manufacturing phase. If this was not enough of an incentive, we
would ask someone from BD to directly contact the vendor and apply some
corporate heavyweight pressure. Another problem was costing certain
suppliers' products due to the initial uncertainty in the Walkaway's estimated
production volume.
Often BD's familiarity or preference for a supplier would influence our
choice, particularly in areas unfamiliar to us. If a supplier had worked with BD
in the past, we assumed their products were good enough for the Walkaway.
Our only other ways to find suppliers were to use the Thomas Registry or to
consult a professor familiar in the field.
In retrospect it is clear that most suppliers were brought in too late to
be effective as members of the design team. Our inexperience, reliance on off-
the shelf products and tight schedule were at least partly to blame. The need to
build prototypes quickly pushed us to use the first parts that met our
specifications. BD group agreed with this process saying that vendors could
later be adjusted for price, delivery and quality. The initial vendors had the
advantage of having proven parts on the working prototype. Seeking
equivalent or improved parts for a manufacturing process can prove costly as
each new piece part needs to be thoroughly tested and documented to meet
4They also like to avoid dealing with M.I.T.'s purchasing department bureaucracy which is
somewhat infamous for leaving a paper trail of unpaid invoices and poor credit.
both internal (BD Quality Assurance and Planning group) and external (FDA)
requirements. Since the Walkaway had a limited number of supplier parts,
reducing the supplier base was never a priority.
From the students perspective, it was often frustrating not to have on
campus access to the most basic of parts for prototyping and general
experiments. A limited parts kit covering the most commonly used mechanical
design elements seems like an area of high marginal gain for a relatively small
investment. It would familiarize students with these parts as well as save time
and money expended on searching for and ordering parts. For students to work
well they must be afforded adequate materials and well kept machine shops.
Our team was highly dependent on outside machine shops for most of the work
we needed done, particularly on the second prototype which was considerably
more sophisticated.
4.3 Prototyping
The MIT team invested heavily in prototyping as we felt this would
yield dividends during the manufacturing phase thanks to the improved design.
As a result, much time and money was spent particularly on our second and
final prototype.
Often single parts that are easy to machine for a prototype turn out to
be extremely expensive or difficult to manufacture in high production runs. For
example the aluminum rotor machined for the centrifuge would later need to be
stamped and machined in secondary operations to achieve specifications.
Prototype parts should be made using the same processes as production parts
when possible. When this is not feasible, attempts should be made to analyze
how different processes affect the functionality of a part. For instance, plastic
parts which would eventually be injection molded in structural foam had to be
machined out of Delrin or ABS plastic (which had similar material properties).
Some parts were designed in smaller pieces so that they could be easily
machined and then assembled to act as the larger single part. The complex
structural foam optics frame was made up of several machined pieces.
Sometimes these "composite" parts were not strong or rigid enough and
required additional ribs or reinforcing walls.
Whenever possible, we tried to follow the manufacturing processes
that would be used in production. For example the arm frame could have been
milled cheaply and accurately. Instead we made the part by bending sheet
metal, a process which becomes inexpensive when tooling costs are offset by
the large number of parts being made. Figure 4.1 shows the bent sheet metal
arm frame.
Figure 4.1. Bent Sheet Metal Arm Frame
The assembly and alignment of the prototype proved to be quite
complex and difficult. Putting more effort into designing the prototype's
alignment would have saved much time spent making adjustments. This was
due in part to our inexperience in performing the task, and in part due to the
differences in functionality between the prototype and a production machine.
With escalating labor and overhead costs it has become crucial to reduce the
time and complexity needed to assemble a product.
4.4 D.F.M.A.
The DFMA movement in the US arose at a time when Japanese
reengineered products were being manufactured with higher quality and lower
cost than their North American competitors. In 1977 two British professors G.
Boothroyd and P. Dewhurst at the University of Massachusetts developed a
series of guidelines to orient designers in developing products that were easy to
assemble. DFMA claimed to simplify assembly and fabrication, improve design
ergonomics and reduce product variation, defects and scrap. DFMA was also
aimed at pooling and reducing the number of suppliers working with a
company. All of these improvements were ultimately aimed at reducing
product cost both in manufacturing and in warranties/repairs.
Within manufacturing, much emphasis was placed on assembly costs
which by some estimates account for 20% of the total manufacturing cost of
low volume electro-mechanical machines.5 Our application of DFMA to the
Walkaway was focused on reducing manufacturing cost in terms of processes
and materials. We tried to work with technology that was familiar to BD and
also cost effective for the estimated production volumes. We looked at different
processes (in terms of their "accuracy Vs. cost curves") as we toleranced the
5 GM Knowledge Center Handout, 1993
parts for the prototype. There was also a trade off between time and resources
spent optimizing the design, and the expected manufacturing cost reductions.
BD seemed less interested in a truly optimized design, than in getting the
product out to market as soon as possible.
Part of our strategy was to simplify the product early in the design
cycle and establish the quality and cost drivers. Those of us who joined the
project for the second year missed the visit to the BD plant in Sparks, MD
which would have provided an invaluable look at their manufacturing lines. The
flexibility of their lines allows them to change from one product to another
within days. This makes them highly responsive to customer needs and
inventory fluctuations. The down side to this is their need for complex fixturing
which must be switched every time the product line changes.
Clearly in assembling medical diagnostic instruments, alignment of
optics and mechanical subsystems seems to be the greatest challenge.
Assembly tasks should be designed so that low skilled workers can quickly and
reliably carry them out. Part of this challenge lies in the skillful design of test
and assembly jigs, but a larger part is the way the machine is designed. Hiring
skilled workers to carry out repetitive assembly procedures should be avoided.
On the other hand automation seems out of the question for such low
production and high flexibility requirements.
4.5 Design Iteration & Final Presentations
For the Walkaway, subsystem design iterations were done as proof of
concept and to achieve a better understanding for the functionality and
spatial configuration. Initially my own philosophy was to spend a long time
getting a design "right" in the first iteration. This becomes harder to do with
increasingly complex systems interfacing with the rest of the machine. It also
leads to much missed information gained by completing an iteration. The
ability to determine the optimal number of iterations for a given project would
help plan any products development cycle. For project of this size and scope, I
think three iterations would work well. The first two prototypes should focus on
the functionality of the system. The production process for the final prototype
should focus on the industrial design (i.e. aesthetics), user interface issues and
software. The most important objective is to define what the team hopes to
achieve with each prototypes iteration. As a project progresses, the
incremental changes in the prototypes decrease as more of the work goes into
refining proven ideas.
Prototypes not only serve to test the performance of a group's design
ideas, but also to consolidate group consensus. Overall system prototypes
should be built when the team members' work seems fragmented. The MIT
team spent too much time designing before building the first prototype. Until
then, no one was exactly sure what the machine would begin to look like.
In addition, before presentations, the team fell into a vicious test-fix
cycle with the prototypes in an attempt to make the deadlines. Part of the
problem was that we saw these presentations as engineering validation
gateways needed to prove a product's functionality. Instead, these milestone
meetings should only be for the benefit of marketing, sales and upper
management. If any major design problems are not detected until a
presentation, then something is wrong with the ongoing design validation
process.
At these final presentations, the so called "bells and whistles" of a
design tended to receive most of the attention. Much of the solid, meticulous
design work that went into the machine could end up unnoticed precisely
because people only see the results. It is up to the designers to illustrate some
of the major decisions and tradeoffs made to reach the prototype being
presented.
4.6 Technology Transfer
Inevitably all student projects of this nature conclude with a period of
information transfer to the sponsor company. No matter how far students
carry the design process, at some point the company must take over to
manufacture the product. Once again good documentation and software
compatibility between the students and the company engineers, greatly
facilitate the process. Gradually ramping up people from the sponsor company
before the end of the university's involvement helps achieve a precious
continuity. BD understood this but did not have the resources needed to carry
it out. This resulted in an eight-month period used to promote the Walkaway
to management within the company, and to check the machine specifications
with the latest marketing results.
4.7 Safety in Medical Product Design
The growing importance of product safety and liability issues has
drastically changed the way engineers must design for customer-product
interaction. In the medical field, these issues are even more important since
government regulation through agencies such as OSHA and CLIA6, enforce
ever more stringent tests and functional requirements. During the actual
design and testing of the machine, guidelines were established for everything
from drawing and handling blood to autoclave disposal of biohazard waste (See
Appendix E).
Increased competitiveness in the industry has pushed companies to
drastically shorten product development times. However waiting for the
Federal Food and Drug Agency (FDA) approval can put a project on hold for
close to a year. In addition, any future modifications to the product must be
cleared by the FDA. If it were possible for machines to be designed so as to
expedite the approval process, a great competitive advantage could be gained.
At L.E.E.S. 7,where the core team worked, certain prototyping areas
where designated as potentially biohazardous. This seemed to make people
working on other projects in the lab uncomfortable. It would have made more
sense for the team to work in a biology or chemistry laboratory where people
are aware of safety procedures and of the real risks involved in handling
potentially hazardous waste.
Strict regulations uniquely affect product development in the medical
industry. According to BD, the decisions necessary to initiate new products are
often placed under a cloud of uncertainty and this undoubtedly slows down the
6OSHA 29 CFR Part 1910.1030 Occupational Exposure to Bloodborne Pathogens 3/6/92; Clinical
Lab Improvement Act (CLIA) '88
7Laboratory for Electromagnetic and Electronic Systems at M.I.T.
spread of technology. Additional time and resources are required to meet
regulatory demands as functional/performance goals. The r61e of the QA/QC
departments in a company become critical and come into play early on in a
product's development cycle.
In recent years, product liability lawsuits have resulted in costly
settlements for companies. For designers it is not only their professional ethics
which drive them to make their products "fool-proof' (includes foreseeing
alternate uses of a product). Our main concern in designing the Walkaway was
to protect humans from injury, and secondly to make human interaction with
the machine as simple and reliable as possible. Safety in a product can
sometimes be built in so that even a failure will present no risk. However with
QBC technology, the centrifuging tubes will always be necessary, and this
requires shielding and protective devices. The weakest form of designing for
safety is the use of warning labels, alarms and lights although these will not
usually protect a designer from liability suits in the case of an accident
(Ullman pp. 64). The Walkaway will be the first QBC machine to have
integrated the centrifuge and reading apparatus into the same housing. One of
our hardest tasks was to design an adequate form of shielding around the
centrifuge which at the same time would not isolate it from the rest of the
machine.
Safety in the final use of the machine is certainly as important if not
more so than safety during the design process. Often machines end up in non-
controlled working environments where they must withstand a surprisingly
high level of abuse. Outside of Western Europe and North America, health and
safety standards tend to be lax or non existent, and so designers must assume
hygienic aberrations in the handling and testing of blood.
PART II
Chapter 5: Design of the First Prototype Mechanical
Subsystems
This second part of the thesis should serve as a documentation of the
design work I carried out on this project. To understand the details of the early
design, the reader should also refer to D.Lee and A.E.Battles' theses. Appendix
F contains the mechanical drawings of the parts I designed for the first and
second prototype.
During the design of both prototype iterations, some of our most
salient concerns were to:
* Reduce machine cost by reducing the number of actuators through motion
coupling.
* Assure the accuracy and repeatability of tube handling.
* Maintain flexibility for ease of optimization and further development.
5.1 System Overview
The Walkaway machine was made up of four subsystems:
The Centrifuge: where the blood tubes were spun for five minutes to achieve
the separation of cell types. The tubes were placed in a carousel which was
then dropped into a metal rotor directly driven by the centrifuge motor.
The Transport System: a linear or rotary mechanism that moved the rotor and
carousel out of the spinning containment area, allowing tubes to be accessed.
Reading & Indexing Station: a tube handing system to sequence the carousel
from one tube to the next, an arm to position the tubes to be read, and an
actuated leadscrew to index the tubes by rotating them around their
longitudinal axis.
Optics System: a series of lights, different bandwidth filters & lenses, and a
CCD8 linear (image) array to capture the image of the tube.
Computer and User Interface System: the hardware and software to process
the data, control the machine and interact with the user.
8Charge-Coupled Device
Dual Rotor Design
5.2. Arm Design
5.2.1 Centralized Tube Handling Arm
The design I initially worked on was the Move Carousel Dual Rotor
(Battles pp. 59) which consisted of two spinning stations, a reading station and
an evacuation chute (see Fig 5.1). A central mechanical arm moved the
different carousels from one station to another. This design involved reading
the tubes in the carousels which meant that either the transmission lighting or
the actual readings would have to be done through the clear plastic bottom of
the carousel. Experimental readings taken through sample pieces of plastic
gave good readings although scratches and contaminants quickly degraded the
quality of our data.
Tubes were loaded into a carousel and spun for five minutes. Then the
arm would latch onto the carousel, move it out of the rotor and take it to the
read station. Once there, the arm would raise the entire carousel until the ez
prep tube in position to be read was pressed into a locating v-groove. At that
point the tube would be optically scanned and then indexed 45 degrees for
another reading. This was done all the way around the tube to ensure accurate
readings of wavy bands. After one tube was completed, the carousel would be
moved down out of the v-grooves, and sequenced until the next tube was in
position. The carousel would be raised and the procedure repeated until all the
tubes had been read. Then the carousel would be released and brought to the
front of the machine beneath the two spinning stations.
Figure 5.1. Walkaway Dual Rotor Design9
5.2.2 Arm Latch Mechanism
The latching mechanism was refined so it would allow the central arm
to pick up the carousel. Preliminary ideas for latching included magnetic.
adhesive and vacuum devices which were discarded in favor of a mechanical
concept (see fig 5.2). This design afforded great flexibility by allowing the arm to
manipulate two different carousels in two degrees of freedom. For the wedge, I
considered the use of high molecular weight polymer for its hardness and low
wear. For the prongs, stainless steel was appropriate to avoid jamming. The
overall geometry was critical in determining the force needed to actuate the
latch. A solenoid was seen as the simplest actuating solution, although placing
one at the end of the arm would have added a large torque moment for the
9Adapted from original drawing by D.Lee
Precision Tube Aligning V-Grooves -
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vertical stepper to overcome. Piano wire or iinkages could have been used to
achieve the puil and push remote actuation.
Figure 5.2. Latching Mechanism"I
5.2.3 Arm Actuation
To power the arm and provide the needed resolution, two five phase
microstepping motors were sized, one for the sequencing and the rotary motion.
and the other for the vertical/raising motion. The horizontal motor also required
harmonic gearing to overcome the backlash of ±1.50 which was unacceptable.
The vertical motor was preloaded down by the weight of the arm and loaded
carousels, and so backlash was overcome. The sequencing motor was located
at the base of the arm and spun the carousel through a synchronous belting
system. Beam calculations showed the aluminum arm's deflection when loaded
to be negligible compared to the positioning accuracy needed.
Throughout the prototyping process, we favored the use of stepper
10ODrawing by D.Lee
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motors for their ease of programming, low cost and open loop nature.
Repeatedly we faced the trade off between complexity, cost and number of
actuators. For example, although using high resolution steppers simplified the
design and reduced the number of actuators, their cost ($1600 for two motors
and driver boards) made them unfeasible. As we later discovered, increasing
the number of actuators can often simplify the design and even reduce the
cost.
5.3 Indexing
Indexing in the carousel was to be done by spinning a soft rubber
quadrax ring pressing down on the tubes. However this presented concerns
about the friction between the ring and the glass surface of the tubes, as well
as the opposing frictional force between the tubes and their holders. If the glass
became dirty or greasy, this indexing method would be unreliable. Ultimately
we would not be able to index tubes this way because of the o-rings obscuring a
band near the top of the tube which needed to be read.
5.4 Carousel Return
After reading all the tubes, the carousel had to be brought out to the
front of the machine (we could not assume access to the side of the machine).
This could have been done passively by simply dropping the carousel on a
sloped slide track (made from ultra high molecular weight polyethylene) or on a
continuous conveyor belt. Delivering the carousel with tubes back to the
customer seemed to be required by some physicians intent on visually
inspecting tubes after receiving the test results.
5.5 Tube Positioning
A main concerns was the precise positioning of the tubes when being
read by the CCD. But before designing any of the tube handling apparatus I
felt it necessary to learn more about the mechanical behavior of the ez-prep
tubes in bending and buckling. Francis Eng-Hock Tay, a Ph.D. candidate in
mechanical engineering conducted tests at the Material Lab (results shown in
Appendix G).
To position tubes accurately against v-grooves without the risk of
damaging the tubes, some compliance had to be offered by the tube holders in
the carousel. These holders could have been cantilevered flexures or actual
spring loaded end caps holding the tubes. The problem with these designs was
that on spinning, the carousels were subject to extremely high centrifugal
forces which would damage the fragile holders.
5.6 Sequencing
As the design veered away from a single complex arm performing
multiple functions, the idea of using a friction drive acting on the rotor to
perform the sequencing was first brought up. The drive could be run by an open
loop stepper motor with optic sensor feedback. This would only work well in a
dark environment so that transmission and fluorescent lighting would have to
be turned off during the actual sequencing. The friction drive would also serve
as a braking mechanism for the carousel during reading.
Several other options for decoupling the sequencing from the arm
follow: one idea was to have a read station where the carousel was dropped
onto a Hirth kinematic coupling. This coupling would allow an open-loop
stepper to sequence the carousel while knowing the relative position of the
tubes within the carousel. The idea of sequencing the carousel within the rotor
by using the centrifuge motor was discussed although the difficulty in designing
the controls as well as overcoming torque ripple were considered major
obstacles. This would eliminate the need for an extra actuator and for a
separate sequencing station.
Single Carousel Linear Transport System
5.7. Coupled Sequencing
As the carousel transport system evolved, it seemed likely that a two
degree of freedom linear leadscrew arrangement would move the carousel out of
its lid and across to a read station (see figure 5.3). This provided an opportunity
to couple these motions to achieve sequencing. Using just the vertical degree of
freedom, a three dimensional camed motion similar to that achieved in ball
point pens could be designed.
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Figure 5.3. The Linear Transport Design 11
11Adapted from drawing by A. Battles
Another concept was to have the outer edge of the rotor act as a gear
which would engage another smaller fixed position gear as the centrifuge moved
horizontally. Problems with this included jamming between the two gears and
repeatability of the sequencing step size. Most of these ideas were prototyped
to test their functionality, and the winning concept was a ratchet and pawl
system shown in fig. 5.4. A smaller ratchet wheel was attached to the shaft off
the bottom of the motor and two pawls were mounted on the floor of the
machine. Tests were conducted to investigate the effect of the ratchet
diameter and the teeth shape. The translational speed of the teeth had the
greatest effect on noise and by keeping the ratchet under 2.5" in diameter, we
were able to meet the 60dB measurement at 3 ft with minimal sound damping.
The rotor's rubber mounts used to isolate the rest of the machine from
vibration during spinning made the motor and ratchet somewhat compliant.
By making the pawls wider in the vertical direction, I was able to assure the
functionality of the sequencing in spite of the ratchet wheel's deflection. This
was a case of conflicting requirements from different subsystems which might
have been detected earlier if there had been better exchange of information.
rotor / carousel
Figure 5.4. Ratchet and Pawl Sequencing
5.8 Tube Handling
At this point in the project, the team learnt that both ez-prep and Vac-
Q-tubes had to be optically read along their entire length This required holding a
tube by its ends in a position clear of the carousel. This limited the number of
indexing options and made the process simpler once the tube was out of the
carousel. It also triggered the design of a new kind of arm that would only
handle tubes and at the same time was actuated by the centrifuge transport
actuators. This arm had a passive flexural gripper that picked up tubes out of
the carousel, left them at an indexing station and then moved out of the optics
line of view. The index station evolved into a separate unit that engaged the
tube, indexed it through eight positions and then released it once the arm's
gripper had snapped back onto the tube. The tube was then returned to the
carousel which then sequenced to the next tube. In this configuration, the
fluorescent lighting transmitted through an optic bundle, was mounted above
!
spring loaded
pawl
sequence disk attached
to second motor shaft
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the tube and focused on the near side of the tube.
5.9 Indexing Station
Figure 5.5 shows the design of the index station which was built for the
first prototype. Its different parts were the receptor housing and a leadscrew
driven by motor mounted on a flexure. The receptor consisted of a rectangular
block with a cylindrical hollow cut out for the top of the carousel to engage.
Above it was a spring loaded core free to slide within the housing but
constrained by a dowel pin inserted from above into a hollow groove in the core
piece. The receptor cup on the end of the core piece was mounted on a tiny ball
bearing. In this way it was free to spin when in contact with the end of a tube.
For the first prototype we only dealt with ez-prep tubes which were open ended
on the receptor's side (i.e. exposed rounded glass opening).
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Figure 5.5. Indexing Station
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The other side of the index station consisted of a rigid cup mounted on
the end of a spinning leadscrew which in turn traveled through two fixed Delrin
nuts. The other end of the leadscrew was connected to a small stepper motor
with a bellows flexible coupling. The back of the motor was attached to a
stainless steel plate flexure rising off the bottom of the machine. The flexure
prevented the motor housing from spinning and at the same time allowed it to
move back and forth. As the motor turned the leadscrew, the rigid cup moved
in and spun at the same time, due to the fixed nuts supporting the leadscrew.
In this way we were able to engage and index the tube with a single actuator
motion, to get eight readings around the tube. These readings were taken at
slightly less than 45" because the patient ID flag on the tubes obstructed the
optic path to the nearest lens for a 30 degree wedge. The flexure was chosen to
restrain the rotational motion of the motor housing while allowing for the
required translational motion. Each time the tube was indexed, it was moved
forward 1/25 of an inch. This biasing effect was compensated in the software
when readings were taken.
Positioning tubes of different diameters along the same fixed
longitudinal axis at the indexing station caused a problem with focusing the
optics lens on the near edge of these tubes. The focal length of the lens or the
actual position of the tubes theoretically had to be adjusted since the depth of
field was not large enough to accommodate the variation in distance (see figure
5.6). As a compromise the lens was focused on a point between the tube edges.
As the quality of the optics set up improved, we were able to experimentally
determine this to be an acceptable (albeit not ideal) situation.
depth of fild
--- ---
Tubes at Index
Station
-- - - To Lens
- eL rrep uube
Not to scale
Figure 5.6. Section View of Tubes During Reading
5.10. Arm Design
The tube pickup arm consisted of two sets of parallel links that pivoted
on either side of the optic bundle as shown in figure 5.7 of the overall system
configuration. This was so that the arm frame would not block the optics light
path between the tube and the optics. For actuating the arm, the centrifuge
structure had a protruding rounded pin that engaged the end of the arm links
and moved them down as the carousel moved up at the read station. Dual
beam supports across the linkages made the whole arm structure quite rigid.
~_~_I~ ___
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5.11. Passive Gripper Design
The gripper itself was made of Delrin (see figure 5.8) and had two sets
of prongs designed to engage ez-prep tubes by elastically deforming as the arm
was brought down to bear on the carousel. A stress relief at the base of the
gripper prongs was added to reduce the risk of fatigue failure at that point.
Once a tube was snapped into the gripper, the arm would move the tube to the
12Drawing by A. E. Battles
index station and stay there until the leadscrew engaged the arm from the
sides of the tube. Moving the arm up further forced open the gripper leaving the
tube behind. To reengage the tube, the arm would move down until the tube
snapped into the gripper. Then the leadscrew would retract leaving the arm
free to move the tube back to the carousel below. Care was taken to avoid
overshooting when reengaging the tube at the indexing station as that could
damage the overconstrained tube.
Figure 5.8. Passive Gripper
5.12 Auto Disposal and STAT Interrupt
Auto disposal involved automatically disposing of the blood tubes
after being analyzed. This reduced the users' exposure to and handling of blood.
Although the team thought that this was an attractive feature, marketing
results indicated that few customers considered it necessary and some were
even opposed. The reason was that some physicians liked to manually inspect
the tubes after receiving the analysis results.
The "STAT" interrupt feature' 3 would have required two carousels
for the Walkaway. However only one carousel was needed to meet the
customer demands in terms of tube analysis throughput. Adding an extra
carousel was deemed an unnecessary expense simply to provide STAT
Interrupt.
5.13 Next Steps
After completing the first prototype, we concluded that form had not
successfully followed function. Clearly the following prototype would require
greater refinement of the layout and aesthetics. We also began thinking about
the lifetime performance of the machine, and how well it would perform after
cycling thousands of times. Since the prototype was not developed enough to
run continuously unsupervised, we were unable to perform this kind of testing.
Figure 5.9 shows the finished first prototype.
13 This would allow an urgent sample to be rushed through the machine and given priority over
another carrousel of tubes already being spun.
Figure 5.9. First Prototype of the Walkaway
Chapter 6: Second Prototype
As soon as the May 1993 presentation of the first prototype ended, the
team was eager to redesign and overhaul several of the subsystems. This
chapter describes some of the major changes leading to the final prototype
shown in figures 6.1 and 6.2.
6.1 Sequencing revisited
It was decided to try to sequence the carousel and rotor using the
centrifuge motor and inexpensive photo diode sensors to close the feedback
loop. The diodes were mounted above the carousel in its spin position and
detected the presence of tubes and flags, as well as the tube types in a given
slot. They would also serve to locate the black marks painted on a series of
posts in the carousel to achieve sequencing. Unfortunately the motor selected
for the centrifuge was very compact and had heavy cogging which made small
precise angular movements impossible. The entire machine had already been
compactly designed around the transport frame to hold this motor, so there
was not enough room to put in a larger motor with less cogging. For the
prototype the solution was to use a friction drive controlled by the sensors and
software that would later drive the centrifuge motor for sequencing. A
disadvantage of using a spring loaded friction drive was that it required an
extra stepper motor and driver card.
Figure 6.1. Photograph of Final Prototype Subsystems.
Figure 6.2. Side View of Second Prototype Subsystems
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6.2 Arm redesign
For the new prototype, the two degree of freedom linear transport
system was redesigned as a compact cam driven rotary system. The arm
frame became a single piece still pivoted off to one side, and now driven by a pin
on the back side of the cam wheel (see figure 6.3). This geometry provided
sufficient torque and resolution at the gripper. The pivot point of the arm was
set to be at the same vertical height as the center of the tubes when resting in
the carousel at the read station. This allowed the tubes to be removed
vertically out of their holders to avoid the patient ID flags from catching on an
edge. The tube holders in the carousel were redesigned to be smoother and
rounder to alleviate this problem. The arm was spring loaded in the top position
by a long soft spring which provided a low, constant force over its length of
travel.
Figure 6.3. Walkaway showing the cam
actuating the arm
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Cam Pin
-Cam
6.3 Active Gripper Design
For the second prototype, much time was spent developing an active
gripper that could handle both ez-prep and Vac-Q-tubes. Figure 6.4 shows a
the carousel for each tube type. Each tube type had its own type of carousel,
so that the top edge of the tubes would touch the rotor cover during spinning.
This was a functional requirement to prevent the tubes from rattling. The
active gripper initially had two posts, one of which was rigid, and the other
which pivoted. The rigid post had a soft rubber tip which touched the floor of
the carousel as the gripper moved down to pick up a tube. This assured that
the gripper was in the correct vertical position to engage a tube.
Figure 6.4. Ez-prep and Vac-Q-Tubes in Carousels
____j
___
To successfully pick up and return a tube it to its holders (which
constrained any lateral motion), the gripper with a single actuated prong had to
come down very close to a tube . With a dual-actuated scissors design it proved
difficult to move the two posts synchronously. Both gripper designs presented
a problem when engaging a tube with a flag. On returning a tube to the
carousel, the moving post would often get caught on the edge of the flag.
One of the system requirements was that the different tubes needed to
be aligned axially at the indexing station to allow the receptor cups to properly
engage the tubes. However with the single actuator design, the side edge of
both tubes lined up against the rigid post so that as the arm swung up and out
of the carousel, one of the tubes would end up misaligned with respect to the
leadscrew. Several designs involving a combination of a flexible spring element
in the gripper and a variable actuation force were tried. Ultimately none of
these ideas worked due to their lack of repeatability and because they relied on
scooping tubes out of their holders instead of removing them vertically.
Ultimately the problem of aligning the different tube types was solved
by adding a second moving post activated by its own solenoid. This part pivoted
around the same axis as the center post and was used to pick up ez-prep tubes
on the back side of the central gripper (see figure 6.5). Both of these parts were
remotely actuated by solenoids through a series of four pivoting linkages.
These stainless steel links connected the solenoids mounted near the pivot
point of the arm to the tops of the posts using piano wire as a flexural joint. The
geometry of the linkage, determined by the length and pivot points of the links,
was designed according to the strength and travel of the solenoids 14 . Figure 6.6
shows a top and side view of the linkages actuating the gripper posts. The
14 Accounting for the non-linearity of the solenoid force-distance plots.
springs used to load the solenoids were designed theoretically but ended up
being made experimentally trying different coil diameters, wire thicknesses and
coils per inch.
Posts remotely actuated by
spring loaded solenoids.
Frame
Central post engaging
Vac-Q-Tube against
rigid post
External post engaging
ez prep tube on back side
of central post
Figure 6.5. Side View of Active Gripper
To pick up an ez-prep tube, only the outside posts would need to open (solenoid
on) and then close over the tube. To pick up a Vac-Q-tube, both posts would
open, the arm would move down, then the central post would close followed by
the outside post. In this way, the solenoids were only switched on for brief
periods of time. This avoided overheating the solenoids which reduced their
strength. As a safety measure, in the case of a power outage, the gripper would
not drop any tube it was holding.
Solenoids
Arm Pivot
m Frame
Linkage Pivot
,- Central Post
Outside Post
Figure 6.6. Arm frame with gripper and linkages.
Figure 6.7 is a photographs of the complete arm with spring, solenoids,
gripper and linkages. Figure 6.8 shows the gripper engaging a capillary
tube in the carousel.
I
Figure 6.7. Complete prototype arm
Figure 6.8. Gripper engaging tube in carrousel
6.4 Redesign of indexing station
After spinning in the centrifuge, tubes ended up touching the outside
edge of the carousel. In the indexing station, they were pushed against a spring
loaded receptor cup to be indexed and read. However upon retracting the
leadscrew, the tubes did not end up in their initial position and so the arm had
trouble returning them to the carousel. A receptor cup was needed to return
the tubes to their initial position so that they lined up to the edge of the
carousel. To do this without an additional actuator, I designed the four-in-one
cup (fig. 6.9), that handled ez-prep and newly prototyped Vac-Q-tubes, both
with and without flags. The one drawback to the design was that the receptor
cup was not mounted on bearings and so did not spin as freely when a tube was
being indexed.
The detailed shape of the cup on the end of the leadscrew was also
changed to handle the different tube and flag endings. Figure 6.10 shows how
the cup fits around the ez prep tube ending, and inside the Vac-Q-tube end cap.
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Figure 6.9. Redesigned receptor housing unit
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Other changes at the index station included making the leadscrew
smaller and reducing the size of the housing compound which no longer needed
to mate with the top of the carousel, as in the linear transport system. An
unresolved problem was that the bellow couplings used to connect the motor to
the leadscrew were failing through fatigue fracture after only moderate testing.
The couplings may not have met their angular and axial deflection
specifications since the measured deflections during usage did not seem to
exceed those specifications. Figure 6.11 is a top view of the redesigned tube
handling mechanisms showing the two carousel positions, the cantilevered
nature of the arm driven by the cam, and the indexing station with new
receptor housing.
- Rotor Spin Po
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Figure 6.11. Top View of Tube Handling Mechanisms
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Chapter 7: Design of Secondary Subsystems
As a core member of the MIT team, I was primarily involved in the
mechanical design of the tube handling mechanisms. However I also worked on
other parts of the machine that required attention. There was a lot of freedom
for the students to explore different subsystems even if the results were not
directly applicable to our next prototype.
7.1 Tube Breakage Detection Using Acoustic Sensing
One of the safety problems in handling blood samples , was that of tube
breakage during centrifuging. This issue was addressed in the airtight seal
design of the carousel. However we felt it would be of great benefit to detect
when and perhaps why these breakages occurred. A series of tests were set up
to determine the feasibility of detecting tube breakage during centrifuging using
acoustic sensing so that the machine would stop the spinning and alert the
user. This method would allow any blood aerosols and broken glass to be sealed
until the user or service person were ready to clean and reset the system. At
the time it was not known whether this would involve having to altogether
disconnect the lid from the machine.
An easier and less expensive alternative (offering less safety in terms of
containment) would be to detect the presence of tubes before spinning, and
then again before reading at the optics station. This assumes (incorrectly as it
turns out) that once a fracture or crack develops in a tube, catastrophic failure
ensues resulting in the tube being pulverized. However unless the reading were
done with the carousel sealed through a clear lid, aerosols and other blood or
glass debris could contaminate the rest of the machine.
7.1.1 Acoustic detection on the World Class centrifuge
The experiments I carried out at the MIT Acoustics and Vibrations lab
on the existing World Class centrifuge (rated at 60 dB vs. 70 dB for the later
model HemaScan) since the prototype centrifuge was not ready at the time.
In BD's experience, tube breakage was extremely rare and occurred only when
the carousel lid was left off or not fastened properly. Since the new centrifuge
would have a self-locking lid, that particular mode of failure seemed unlikely.
There were two audible sounds associated with breaking glass: a sharp,
loud initial crack followed by a much softer crackling noise of broken flying
shards of glass. (The tubes were not loaded with blood during tests). I took
three different sensors to try and detect the sound signature of breaking tubes:
accelerometers on the centrifuge structure, pressure transducers, and
microphones. The first method was unsuccessful in picking up anything except
the vibration of the casing due to the fan and motor. Any type of sound induced
structural vibration I was looking for, was lost in the noise.
The pressure transducers and microphones were placed inside the
spinning cavity quite near to the spinning carousel. The transducers picked up
the wind turbulence during spinning but were not sensitive enough to detect the
breaking tubes. I took data at up to 300 kHz sampling rate and could observe
no visible spikes in the real time Hanning-window Fourier transforms above
the audible range. A low noise B&K microphone with a 20-18000 Hz range
placed inside the spin cavity was very successful in repeatedly detecting the
cracking noise of the tubes. The characteristic noise signature was very
similar from tube to tube although this may have been due to the induced
failure mode being constant throughout.
The only way to get tubes to break consistently in the World Class, was
to leave the lid off (or completely untightened), or to place the tubes out of their
slots and at right angles to their correct position. These modes of failure were
almost impossible in the current centrifuge design although there may have
been other unforeseen problems. Figures 7.1-7.4 are four plots showing the
signal in the time domain, a short time Fourier transform of the 150ms signal;
a mesh plot of that same STFT with amplitude being the z-axis; and an overlay
plot of the individual STFT corresponding to 31 different time windows.
This form of detection could be very reliable and triggered using an
amplitude threshold in the time domain or preferably an amplitude
corresponding to a known frequency band. For example there was a 50dB jump
in the 2.2kHz STFT when the tube broke which could serve to clearly trigger a
flag with little risk of false alarms. The centrifuge produced almost no noise
above 1kHz (beyond ambient signal noise) so that the sampling rate need not
be extremely high (8-10kHz seemed to work fine). However the cost of the
system which includes a low noise microphone, and considerable computational
power 15, was a major consideration. An electrical engineer from BD suggested
using a low cost piezo-electric transducer wired as a microphone to a dedicated
analog circuit since their natural frequency is in the 2-3 kHz range. It was
decided to shelf the idea as we lacked the time to develop it further. I also
wanted to see what marketing would have to say about this kind of feature to
determine its cost and benefits.
15The signal from the microphone required no amplification when going into our data
acquisition system (WorkPak). Further signal processing was done on Matlab.
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7.2 Light Pipe Transmission in the Optics Subsystem
Another area I worked on was the transmission of light from the
source to the tubes at the reading station for the fluorescence measurements.
The tubes were illuminated vertically so as to only light up the near side of the
tube to provide sharp band readings. On the first prototype, the light was
transmitted through a 2 foot long, 3/4 inch thick fiber optic cable. Later the
idea of using light pipes was suggested by Erik Vaaler (an MIT lecturer
consulting on the project) as a robust and inexpensive alternative. The main
concern in lighting was to provide a uniform and focused intensity along the full
length of any tube. To achieve this, the light source would be fed into an
integrating cavity made out of Spectralon (99% reflectivity) to provide an
evenly distributed output into a short light pipe. The input into the cavity
would simply be an internally mirrored hollow cone coming from the light
source. The dispersion angle of light exiting the light pipe was extremely large
and would have require an additional converging lens between the light pipe and
the tube position. It was eventually decided to use the fiber optic cable for the
second prototype for its flexibility of use and our familiarity with the
technology.
7.3 Outside Consulting & Industrial Design
As the deadline for the final prototype approached, it became clear
that the MIT group lacked the time and resources needed to complete the
industrial design mock-ups for the presentation. Having the flexibility to hire
professional industrial designers to work with us eased some of the time
pressure and provided an invaluable learning experience. Near the start of the
project, considerable work had been done on the industrial design of the
machine 16. However through the focus on functionality and reducing the size of
the machine, the team lost track of much of the early work. Most of those who
had worked in the early ID were no longer with the project.
Brian Matt of Altitude and Beth Sullivan of IC3D ended up doing most
of the aesthetic design and all of the mockups for the Walkaway in record time.
However many of the human factors and user interface issues were addressed
by the students in designing the layout of subsystems. For example we
positioned the centrifuge near the front of the machine for easy loading, and we
made the machine wider across and narrower in depth so as to create room on
the lab desktop for the keyboard and other data entry instruments.
Once the layout of the prototype was completed, I designed an aluminum
base plate to attach the different subsystems of the prototype. The edges of
the plate were bent up at 90 degrees to anchor the foam core shell. This shell
had some functional features such as the latch button on the carousel cover,
and some purely aesthetic ones like the buttons for the user interface menu on
the LCD screen. In the final presentation to BD it became clear how critical
the external appearance of the machine was in conveying a positive image of
the machine to a mixed crowd of engineers, managers and marketing people.
16An industrial design class taught at M.I.T. had taken the I.D. of the Walkaway as its final
class project
Chapter 8: Conclusions
Looking to the future, the prospects of the Walkaway Blood Analyzer
are extremely promising. Students who have worked on these projects have an
understanding of product development not usually encountered in people
straight out of school. The sponsor company plans to go full speed ahead with
the final development and manufacture of the product.
MIT and other universities have begun to interact differently with
industry, offering different types of resources in exchange for much needed
funds at a time when government military spending is being drastically
reduced. Ultimately universities will have to balance pure research with new
projects like the NPP which require certain compromises mentioned
throughout this thesis. So far, mostly large companies have been approached
for the money needed to run a project of this size and duration. Seeking out
smaller sponsors for smaller projects could certainly bring new players to the
table.
There is an untapped wealth of information which companies must
access for U.S. industry to prosper. However with many companies seeking
to trim expenses, potential sponsors must be convinced of the economic
benefits to investing in academia. These pioneering attempts are bound to be
awkward, but it is crucial for them to succeed and pave the way for future
ventures of this nature.
Appendix A: QBC Walkaway System Design
Specifications
Revised, August 11, 1993
Prepared By: Shin John Choi
I. Functional Specifications
A. Automated hematology instrument for CBC's, blood chemistry, and
immunochemistry testing.
B. Tests made on disposable proprietary tube and float systems; both
lllmL capillary tubes (EZ-Prep) and 500 mL Vac-Q-Tubes.
C. Bar code flag and label for ID.
D. Carousel loaded, fully automated spin/read system. User operations
limited to loading carousel, pressing start button, and unloading tubes at
end of cycle. No manual tube handling between load and unload.
E. Read all existing bands, report currently available QBC parameters,
and print Hematology Diagnostic Reminders for each specimen.
F. 8 readings taken around tube to average out waviness of band.
G. QC testing. Ability to track QC results.
H. Accommodate future tests. (read additional bands/ integrated
fluorescence)
I. Parallel printer port, RS-232 serial port, 3.5" floppy drive, hard drive,
run by 80486 CPU.
II. Overall Requirements
A Target cost:
$6,250. @ 1,000 units/ year. (sell for $15,000-$20,000)
$5,000 parts; $1250 labor and overhead.
B. Processing Time (maximum):
1 tube in 5.5 min; 10 tubes in 7 min.
C. Carousel Capacity:
10 tubes
D. Life Expectancy:
1. > 100,000 QBC's
2. Max. expected usage of 100 tubes/day.
3. Min. mean time before requiring service is 12 mo.; 18 mo. is desired.
4. 1,000 hrs. min. motor life.
5. Non-user replaceable lamps must last at least 50,000 QBC's.
E. Environmental Requirements:
1. Must operate between 20-32' C, 10-95% non-condensing humidity.
2. Store between -20 and 60 0 C.
3. Specimen temperature must not change >80 C, never exceed 370 C.
4. Must operate in ambient light from 10-150 ft. candles.
5. Operate with 20 surface incline in any direction with max. rotor
imbalance.
F. Sound Level:
<65 dB
G. Size/ Weight/ Strength:
1. Largest 20"W x 26"D x 18" H (minimize footprint)
2. <301bs gross weight
3. Must survive NSTA shipping test in its shipping
(vibration and drop tests)
container.
H. Centrifugation Force:
14,387 x g nominal for 5 min. spin cycle. 15 sec accel. and decel.
Stay between 14, 315 x g -14,458 x g.
I. Optical Requirements (approx 1.5:1, 50mm focal length)
1. Min. lens resolution of 20 line pairs/mm. w/ efficiency f/2 or better.
2. Grating (filter) must provide bandwidth of 20nm over the width of
the pixel in the CCD.
3. CCD of at least 5,000 pixels to meet desired resolution.
III. Accuracy/ Precision
A. Must read band lengths down to 0.002" + 0.0005"
B. Must be capable of measuring mechanical expansion factor of the
individual float and glass tube, and use data to compensate.
C. Precision (Within Tubel Tube-to-Tube):
Parameter Within Tube
Hematocrit 0.2%
Hemoglobin 0.5%
Total WBC 3.0%
Lymph/Mono 5.0%
Granulocytes 3.0%
Platelets 5.0%
Tube-to-Tube
2.0%
2.0%
8.0%
8.0%
5.0%
10.0%
Within tube precision is coefficient of variation of 10 readings on same
tube on the same instrument when removed and reinserted between
readings.
Tube-to-Tube precision is coefficient of variation of 10 tubes of the same
blood sample read on the same instrument.
D. Accuracy (correlation with readings on existing impedance-type
counter):
Parameter R Mean Bias
Platelets >0.90 <5%
# Granulocytes >0.90 <3%
# Lymphs/Monos >0.85 <5%
Hematocrit >0.90 <3%
Hemoglobin >0.90 <3%
IV. Safety
A. No part of rotor or instrument can move outside of 30 cm safety zone
surrounding instrument as a result of rotor failure. All fragments/ etc.
must be contained in the shield.
B. Carousel must be sealed inside rotor. Aerosol formation/ transport
should be prevented.
C. Must meet established safety standards such as UL-1262, IEC-601,
and IEC-1010.
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Intended Use of the Walkaway.
The intended use of the Walkaway is to provide a 6-parameter
hematology screening profile of centrifuged venous or capillary blood. Each
hematology test is analyzed by a computerized reference program, which
generates a printout of diagnostic reminders on abnormal CBC values for
clinical follow-up by the physicians.
The QBC white blood cell count, abbreviated white-cell differential
counts, and platelet count are estimates derived from the measurement of
packed cell volumes.
Summary of Test
QBC methodology is based on electro-optical linear measurements of
the discrete layers of packed blood cells in a microhematocrit-type tube (Figure
1). The layering results from cell density gradients during the high speed
centrifugation of blood. 6 primary hematology values including the platelet
count are derived. A diagnostic report on abnormal parameters is provided
based on computer-stored hematologic data against which the test values are
analyzed. Blood tests in the QBC Walkaway are entirely automatic, requiring
only that the operator prepare the sample tube and place it into the carousel
to be spun.
1 7Adapted from the QBC Autoread Operator's Manual.
Principles of Procedure
QBC hematology tests utilize precision-bore glass tubes, pre-coated with
Potassium Oxalate, the fluorochrome stain Acridine Orange, and an
agglutinating agent.
The QBC tubes made only for capillary blood (fingerstick samples) also
contain a coating of anticoagulants. All tubes are supplied with an insertable
plastic float and a plastic closure.
During high-speed centrifugation of the blood-filled tube and the float,
packed cells form in expanded layers around the float, which has descended
into the buffy coat (Figure 2). After being spun, the tube is automatically
scanned, and fluorescence and absorbance readings are made to identify the
differentiated cell layers. Volumes of the packed cell layers are then computed
to obtain quantitative values of the following:
* Hematocrit
* Hemoglobin concentration
* Mean Corpuscular Hemoglobin Concentration (MCHC)
* White blood cell count
* Granulocytes count (number and %)
* Lymphocytes/Monocytes count (number and %)
* Platelet count
Hemoglobin is computed from density factors that determine the cellular
concentration. Mean corpuscular hemoglobin concentration is calculated
electronically according to the equation: MCHC = (HB+HCT) x 100.
Appendix C: Sample MIT research research
agreement
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
OFFICE OF SPONSORED PROGRAMS
RESEARCH AGREEMENT between the Massachusetts Institute of Technology, hereinafter
referred to as "M.I.T." and
hereinafter referred to as "the Sponsor". This Agreement is entered into as of
WHEREAS, the research program contemplated by this Agreement is of mutual interest and
benefit to M.I.T. and to the Sponsor, and will further the instructional and research
objectives of M.I.T. in a manner consistent with its status as a non-profit, tax-exempt,
educational institution,
NOW, THEREFORE, the parties hereto agree as follows:
1. STATEMENT OF WORK. M.I.T. agrees to use its best efforts to perform the research
program as set forth in Attachment A.
2. PRINCIPAL INVESTIGATOR. The research program will be supervised by
. If, for any reason, s(he) is unable to
continue to serve as Principal Investigator, and a successor acceptable to both M.I.T. and the
Sponsor is not available, this Agreement shall be terminated as provided in Article 6.
3. PERIOD OF PERFORMANCE. The research shall be conducted during the period
through and will be subject to renewal only by
mutual agreement of the parties.
4. REIMBURSEMENT OF COSTS. In consideration of the foregoing, the Sponsor will
reimburse M.I.T. for all direct and indirect costs incurred in the performance of the research,
which shall not exceed the total estimated project cost of $ without
written authorization from the Sponsor.
5. PAYMENT. Payments shall be made to M.I.T. by the Sponsor in advance in U.S.
dollars, net of taxes or impost of any kind on the following basis:
A final financial accounting of all costs incurred and all funds received by M.I.T. hereunder
together with a check for the amount of the unexpended balance, if any shall be submitted to
the Sponsor within ninety days following the completion of the project.
6. TERMINATION. Performance under this Agreement may be terminated by the Sponsor
upon sixty days written notice. Performance may be terminated by M.I.T. if circumstances
beyond its control preclude continuation of the research. Upon termination, M.I.T. will be
reimbursed as specified in Article 4 for all costs and non-cancellable commitments incurred in
the performance of the research, such reimbursement not to exceed the total estimated project
cost specified in Article 4.
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7. PUBLICATIONS. M.I.T. will be free to publish the results of research performed under
this Agreement after providing the Sponsor with a thirty (30) day period in which to review
each publication for patent purposes and to identify any inadvertent disclosure of the
Sponsor's proprietary information. If necessary to permit the preparation and filing of U.S.
patent applications, the Principal Investigator may agree to an additional review period not to
exceed sixty (60) days. Any further extension will require subsequent agreement between
the Sponsor and M.I.T.
8. PROPRIETARY INFORMATION. If, in the performance of the research program,
members of the M.I.T. research team are given access to information which the Sponsor
considers proprietary, the rights and obligations of the parties with respect to such
information shall be governed by the terms and conditions set forth in Attachment B.
9. INTELLECTUAL PROPERTY.
A. TITLE TO INVENTIONS. Title to any invention conceived or first reduced to practice in
the performance of the research program shall remain with M.I.T. Sponsor shall be
notified of any such invention promptly after a disclosure is received by the M.I.T.
Technology Licensing Office. M.I.T. may file a patent application (i) at its own
discretion or (ii) at the request of Sponsor and at Sponsor's expense.
B. LICENSING OPTIONS. In the event that a patent application on such an invention is filed
by M.I.T., for each such invention the Sponsor shall be entitled to a non-exclusive,
non-transferable, royalty-free license for internal research purposes, and shall further
be entitled to elect one of the following alternatives by notice in writing to M.I.T.
within six (6) months after notification to the Sponsor that a patent application has been
filed:
1. A non-exclusive, non-transferable (without the right to sublicense), world-wide,
royalty-free license (in a designated field of use, where appropriate) to the
Sponsor to make, have made, use, lease and sell products embodying or
produced through the use of such invention; provided that the Sponsor agrees to
(a) demonstrate reasonable efforts to commercialize the technology in the public
interest; (b) pay an annual fee of $3,000 to M.I.T. to help defray patenting,
maintenance, and administrative costs; and (c) substantially manufacture in the
United States products to be sold in the United States unless M.I.T., in its sole
discretion, deems there is justification for waiving such requirement. M.I.T.
shall have the right, at its option, to discontinue patent prosecution or maintenance
on any invention licensed to Sponsor under this alternative, and the Sponsor shall
thereafter have no further obligation to pay the annual license fee.
2. A royalty-bearing, limited-term exclusive license (subject to third party rights, if
any), to the Sponsor including the right to sublicense, in the United States and/or
any foreign country elected by the Sponsor (subject to (D) below) to make, have
made, use, lease, and sell (in a designated field of use, where appropriate)
products embodying or produced through the use of such invention, provided that
the Sponsor agrees to reimburse M.I.T. for the costs of patent prosecution and
maintenance in the United States and any elected foreign country, and further
agrees that any licensed products sold in the United States shall be substantially
manufactured in the United States. This alternative is subject to M.I.T.
concurrence and the negotiation of reasonable terms and conditions within three
(3) months after selection of this alternative; or
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3. The sharing with the Sponsor of any royalty income derived from licensing the
patent rights to third parties by M.I.T. in an amount equal to twenty-five percent
(25%) of the annual royalty income after deducting a fifteen percent (15%)
administrative fee and M.I.T.'s out-of-pocket costs, including patent filing,
prosecution and maintenance; provided, however, that the Sponsor waives all
rights to such inventions, patent applications and any resulting patents, except for
the Sponsor's internal, royalty-free research license.
C. DEFAULT OPTION. In the event that the Sponsor has not elected any of the foregoing
alternatives within six (6) months after notification that a patent application has been
filed, the Sponsor shall be deemed to have elected alternative 3. above.
D. FOREIGN FILING ELECTION. If the Sponsor elects alternative 2., the Sponsor shall
notify M.I.T. of those foreign countries in which it desires a license in sufficient time
for M.I.T. to satisfy the patent law requirements of that country. The Sponsor shall
reimburse M.I.T. for the out-of-pocket costs, including patent filing, prosecution and
maintenance fees related to those foreign filings.
E. CONFIDENTIALITY OF INVENTION DISCLOSURES. The Sponsor shall retain all
invention disclosures submitted by M.I.T. in confidence and use its best efforts to
prevent their disclosure to third parties. The Sponsor shall be relieved of this obligation
only when this information becomes publicly available through no fault of the Sponsor.
F. COPYRIGHT OWNERSHIP AND LICENSES. Title to and the right to determine the
disposition of any copyrights or copyrightable material first produced or composed in
the performance of this research program shall remain with M.I.T. M.I.T. shall grant
to the Sponsor an irrevocable, royalty-free, non-transferable, non-exclusive right and
license to use, reproduce, display, distribute, and perform all such copyrightable
materials other than computer software and its documentation. M.I.T. shall grant to
the Sponsor an irrevocable, royalty-free, non-transferable, non-exclusive right and
license to use, reproduce, display, and perform computer software and its
documentation specified to be developed and delivered under the Statement of Work for
Sponsor's internal research and development purposes. Sponsor is entitled to elect to
negotiate a non-exclusive (or exclusive subject to third party rights, if any) royalty-
bearing license to use, reproduce, display, distribute, and perform such computer
software and its documentation for commercial purposes (in a designated field of use,
where appropriate). Computer software for which a patent application is filed shall be
subject to paragraph B. above.
G. RIGHTS IN TRP. In the event that M.I.T. elects to establish property rights other than
patents to any tangible research property (TRP), e.g., biological materials, developed
during the course of the research, M.I.T. and the Sponsor will determine the
disposition of rights to such property by separate agreement. M.I.T. will, at a
minimum, reserve the right to use and distribute TRP for non-commercial research
purposes.
H. LICENSE EFFECTIVE DATE. All licenses elected by the Sponsor pursuant to Sections
B.1., B.2., F. and G. of this clause become effective as of the date the parties sign a
subsequent license agreement.
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10. USE OF NAMES. Neither party will use the name of the other in any advertising or other
form of publicity without the written permission of the other; in the case of M.I.T., that of
the Director of the News Office.
1 1. NOTICES. Any notices required to be given or which shall be given under this Agreement
shall be in writing delivered by first class mail (air mail if not domestic) or by certified or
registered mail addressed to the parties as shown below and shall be deemed to have been
given or made as of the date received.
MASSACHUSETTS INSTITUTE SPONSOR
OF TECHNOLOGY
1 2. ASSIGNMENT. This Agreement shall be binding upon and inure to the benefit of the
parties hereto and the successors to substantially the entire business and assets of the
respective parties hereto. This Agreement shall not be assignable by either party without the
prior written consent of the other party; any attempted assignment is void.
13. GOVERNING LAW. The validity and interpretation of this Agreement and the legal
relation of the parties to it shall be governed by the laws of the Commonwealth of
Massachusetts and the United States.
14. GOVERNING LANGUAGE. In the event that a translation of this Agreement is
prepared and signed by the parties for the convenience of the Sponsor, this English language
version shall be the official version and shall govern if there is a conflict between the two.
15. FORCE MAJEURE. M.I.T. shall not be responsible to the Sponsor for failure to
perform any of the obligations imposed by this Agreement, provided such failure shall be
occasioned by fire, flood, explosion, lightning, windstorm, earthquake, subsidence of soil,
failure or destruction, in whole or in part, of machinery or equipment or failure of supply of
materials, discontinuity in the supply of power, governmental interference, civil commotion,
riot, war, strikes, labor disturbance, transportation difficulties, labor shortage or any cause
beyond the reasonable control of M.I.T.
16. EXPORT CONTROLS. It is understood that M.I.T. is subject to United States laws and
regulations controlling the export of technical data, computer software, laboratory prototypes
and other commodities, and that its obligations hereunder are contingent on compliance with
applicable U.S. export laws and regulations (including the Arms Export Control Act, as
amended, and the Export Administration Act of 1979). The transfer of certain technical data
and commodities may require a license from the cognizant agency of the United States
Government and/or written assurances by the Sponsor that the Sponsor will not re-export
data or commodities to certain foreign countries without prior approval of the cognizant
government agency. While M.I.T. agrees to cooperate in securing any license which the
cognizant agency deems necessary in connection with this Agreement, M.I.T. cannot
guarantee that such licenses will be granted.
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17. ENTIRE AGREEMENT. Unless otherwise specified. this Agreement embodies the
entire understanding between M.I.T. and the Sponsor for this project, and any prior or
contemporaneous representations, either oral or written, are hereby superseded. No
amendments or changes to this Agreement, including without limitation, changes in the
statement of work, total estimated cost, and period of performance, shall be effective unless
made in writing and signed by authorized representatives of the parties.
MASSACHUSETTS INSTITUTE SPONSOR
OF TECHNOLOGY
By By
Title Title
Date Date
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ATTACHMENT B
SPONSOR PROPRIETARY INFORMATION
It is anticipated that in the performance of the research program, the Principal Investigator
and members of the research team designated by him/her will be provided with or given access by
Sponsor to certain information which the Sponsor considers proprietary. The rights and
obligations of the parties with respect to such information are as follows:
I. PROPRIETARY INFORMATION. For the purposes of this Agreement. "Proprietary
Information" refers to information of any kind which is disclosed by Sponsor to M.I.T. and
which, by appropriate marking, is identified as confidential and proprietary at the time of
disclosure. In the event that proprietary information must be provided visually or orally,
obligations of confidence shall attach only to that information which is confirmed by Sponsor
in writing within ten (10) working days as being confidential.
2. LIMITATIONS ON USE. M.I.T. shall use the Sponsor's Proprietary Information solely
for the purposes of this Agreement. It is agreed by Sponsor and M.I.T. that the transfer of
Proprietary Information shall not be construed as a grant of any right or license with respect
to the information delivered except as set forth herein or in a duly executed license agreement.
3. CARE OF PROPRIETARY INFORMATION. The Sponsor and M.I.T. agree that all
Proprietary Information communicated by Sponsor and accepted by M.I.T. in connection
with this Agreement shall be kept confidential by M.I.T. as provided herein unless specific
written release is obtained from Sponsor. M.I.T. agrees to make Proprietary Information
available only to those employees and students who require access to it in the performance of
this Agreement and to inform them of the confidential nature of such information. M.I.T.
shall exert reasonable efforts (no less than the protection given its own confidential
information) to maintain such information in confidence.
M.I.T. shall be deemed to have discharged its obligations hereunder provided M.I.T. has
exercised the foregoing degree of care and provided further that M.I.T. shall immediately,
upon discovery of any disclosure not authorized hereunder, notify Sponsor and take
reasonable steps to prevent any further disclosure or unauthorized use.
When the Proprietary Information is no longer required for the purpose of this Agreement.
M.I.T. shall return it or dispose of it as directed by the Sponsor. M.I.T.'s obligations of
confidentiality with respect to Proprietary Information provided under this Agreement will
expire five (5) years after the date of this Agreement.
4. INFORMATION NOT COVERED. It is agreed by Sponsor and M.I.T. that the above
obligations of confidentiality shall not attach to information which:
(a) is publicly available prior to the date of the Agreement or becomes publicly available
thereafter through no wrongful act of M.I.T.;
(b) was known to M.I.T. prior to the date of disclosure or becomes known to M.I.T.
thereafter from a third party having an apparent bona fide right to disclose the
information;
(c) is disclosed by M.I.T. in accordance with the terms of the Sponsor's prior written
approval;
(d) is disclosed by Sponsor without restriction on further disclosure;(e) is independently developed by M.I.T.;
(f) M.I.T. is obligated to produce pursuant to an order of a court of competent jurisdiction
or a valid administrative or Congressional subpoena, provided that M.I.T. (a) promptly
notifies the Sponsor and (b) cooperates reasonably with the Sponsor's efforts to contest
or limit the scope of such order.
5/13/94 OSP 3/1/94 - SL
Appendix D: Project CPM Chart
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Appendix E: Handling Precautions for Blood,
Body Fluids, and Tissuel
Universal Precautions.
1. Barrier protection at all times.
2. Gloves for blood and body fluids.
3. Phlebotomists wear gloves:
With uncooperative patient
When skin non intact
When performing pediatric skin puncture
When in training
4. Change gloves between patients.
5. Facial protection from splashing.
6. Gown and apron for splashing.
7. Wash hands if contaminated.
8. Wash hands after removing gloves.
9. Avoid accidental injuries.
10. Rigid needle containers.
11. Don't handle needles.
12. Reprocess sharps carefully.
13. Minimize spills and spatters.
14. Decontaminate all surfaces and devices after use.
Protection Techniques.
1. Wash hands after contamination, removing gloves, and work.
2. Wear gloves; change after contamination.
3. Occlusive bandages as needed.
4. Wear lab coat as needed.
Decontamination.
1. Tuberculoidal hospital disinfectant.
2. Wear gloves and gown.
3. Absorb spill.
4. Clean with detergent.
5. 1:10 dilution bleach.
6. Wash with water.
7. Biohazard disposable.
97
1Summary Recommendations of National Committee for Clinical Laboratory Standards,
NCCLS Document M29-T
Laboratory Procedures.
1. Biosafety Level 2.
2. No warning labels.
3. Reduce needles/syringes.
4. No mouth pipetting.
5. Leakproof primary and secondary containers.
6. Use centrifuge safety cups.
7. Use biohazard disposal techniques:
Infectious waste in Red Bag.
Red Bag in rigid container.
Sharps in rigid container.
Proper storage/transport/disposal of waste.
8. Service personnel follow universal precautions.
Accidents.
HBV
HB vaccine + HBIG if high risk source.
HIV- In clinical setting:
Voluntary HIV antibody test from source and worker.
- In lab setting:
Test source specimen and worker.
The Autopsy.
1. May modify universal precautions.
2. Circulator recommended.
3. Barrier protection:
Head-to-toe water impermeable garb and apron.
Double gloves/Heavy duty gloves/
4. Procedures.
Modified Rokitansky or Virchow evisceration.
Confine all contaminated materials to autopsy table.
Decontaminate completely.
Surgical Specimens.
1. Follow universal precautions.
2. Use gloves for frozen sections.
Regulatory compliance.
Administrative.
Training and Education.
Engineering controls.
Safe work practices.
Medical - HB vaccine.
Recordkeeping
Appendix F: Prototype Mechanical Drawings
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Appendix G: Testing of Tube Properties
Compression:
10.4 ib, 7.6 lb, 10.2 lb...Average 9.4 lb
Width of support = 3 mm, crosshead speed = 0. 1"/min
10 lb 9.8 lb 11.2 lb...Average 10.3 lb
Extended support: Crosshead speed = 0.1"/min
4-point flexure:
12.5 lb, 17 lb, 15 lb...Average 14.8 lb
Distance between top and bottom support (center to
center)= 4 mm.
Crosshead speed = 0. 1"/min.
3-point flexure:
2 lb, 2.12 lb, 2.81 lb, 2.41 lb, 1.81 lb...Average 2.24 lb
Coefficient of friction- static:
Material- easy prep tube on o-ring: Average 0.07
Tilting plane test method
-kinematic for varying loads:
50g 0.6
100g 0.6
200g 0.65
300g 0.66
500g 0.7
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